Malignant astrocytoma includes anaplastic astrocytoma (grade III) and glioblastoma (grade IV). Among them, glioblastoma is the most common primary brain tumor with dismal responses to all therapeutic modalities. We performed a large-scale, genome-wide microRNA (miRNA) (n ¼ 756) expression profiling of 26 glioblastoma, 13 anaplastic astrocytoma and 7 normal brain samples with an aim to find deregulated miRNA in malignant astrocytoma. We identified several differentially regulated miRNAs between these groups, which could differentiate glioma grades and normal brain as recognized by PCA. More importantly, we identified a most discriminatory 23-miRNA expression signature, by using PAM, which precisely distinguished glioblastoma from anaplastic astrocytoma with an accuracy of 95%. The differential expression pattern of nine miRNAs was further validated by real-time RT-PCR on an independent set of malignant astrocytomas (n ¼ 72) and normal samples (n ¼ 7). Inhibition of two glioblastoma-upregulated miRNAs (miR-21 and miR-23a) and exogenous overexpression of two glioblastoma-downregulated miRNAs (miR-218 and miR-219-5p) resulted in reduced soft agar colony formation but showed varying effects on cell proliferation and chemosensitivity. Thus we have identified the miRNA expression signature for malignant astrocytoma, in particular glioblastoma, and showed the miRNA involvement and their importance in astrocytoma development.
MicroRNAs (miRNAs) are endogenous non-coding small RNAs, which negatively regulate gene expression either by degrading specific mRNA or inhibiting translation. miRNAs have been linked to variety of cancers, in which miRNAs were shown to act like either oncogenes or tumor suppressors. 1 Classification of multiple cancers on the basis of expression pattern of 217 miRNAs was found to be more accurate than using expression pattern of 16 000 mRNAs. 2 Furthermore, 52.5% of miRNA genes are found in cancer-associated genomic regions or at fragile sites, minimal loss of heterozygosity regions, minimal regions of amplification or at common break point regions. 3 Consequently, it is very important to identify the differentially regulated miRNAs in cancer and identify the target genes to advance our understanding of the mechanism how miRNAs modulate gene function forming regulatory networks in cancer.
Astrocytoma, the tumor of astrocytic glial cells, is the most common type of central nervous system (CNS) neoplasms, accounting for more than 60% of all primary brain tumors. 4 Diffuse infiltrating astrocytomas are divided into low-grade diffuse astrocytoma (DA; grade II), anaplastic astrocytoma (AA; grade III) and glioblastoma (GBM; grade IV) in the order of increasing malignancy. 5 Patients with diffuse astrocytoma have the best prognosis with a median survival time of 6 to 8 years after surgical intervention as compared with anaplastic astrocytoma and glioblastoma, which are classified as 'Highgrade or malignant astrocytomas'. The treatment protocols and length of survival are distinctly different between anaplastic astrocytoma and glioblastoma patients. 6, 7 The median survival time for anaplastic astrocytoma patients is 2 to 3 years whereas patients with glioblastoma have a median survival of less than 1 year. 8 As histology-based classification is highly subjective, there is a need for more robust histology-independent molecular classifiers.
Glioblastomas have been further subdivided into primary glioblastoma (pGBM) and secondary glioblastoma (sGBM) subtypes on the basis of clinical and molecular profile. Primary glioblastoma presents in an acute de novo manner with no evidence of an antecedent lower grade tumor. By contrast, secondary glioblastoma results from the progressive malignant transformation of a diffuse astrocytoma or anaplastic astrocytoma. 10 Remarkably, despite their distinct clinical profiles, pGBMs and sGBMs are reflected by an equally poor prognosis when adjusted for patient age. 10 However, although these glioblastoma subtypes achieve a common clinical endpoint, recent studies have identified markedly different transcriptional patterns and DNA copy number variations between them. 11, 12 In view of the above and to obtain a histologyindependent miRNA expression signature to differentiate glioblastoma from anaplastic astrocytoma tumors, we have analyzed the expression of 756 miRNAs by microarray in 13 anaplastic astrocytoma and 29 glioblastoma tumor samples. In addition to identifying grade-specific miRNA signature, we found a 23-miRNA expression signature that precisely differentiated glioblastoma from anaplastic astrocytoma with an accuracy rate of 95%. Besides performing real-time RT-PCR validation of selected miRNAs, we also analyzed the functional importance of four of these miRNAs.
Materials and methods

Cell Lines and Tumor Samples
The glioma cell lines SVG, U138, U251, U343, U373, U87, LN18 and LN229 were grown in Dulbecco's modified Eagle medium (DMEM) supplemented with 10% FBS. Tumor samples were collected from patients who were operated at National Institute of Mental Health and Neurosciences (NIMHANS) and Sri Sathya Sai Institute of Higher Medical Sciences (SSSIHMS), Bangalore, India. A portion of the nondominant anterior temporal cortex resected during surgery for intractable epilepsy served as normal control brain sample. Tissues were freshly received from the neurosurgical operating rooms, bisected and one half was placed in RNA later (Ambion Inc., USA), stored at À701C and used for RNA isolation. The other half was fixed in 10% buffered neutral formalin, processed for paraffin sections and was used for histopathology and immunohistochemistry (IHC). The study has been scrutinized and approved by the ethics committee of the two clinical centers, NIMHANS and SSIHMS, and patient consent was obtained before initiation of the study as per the Institute Ethical Committee guidelines and approval. A total of 125 samples of malignant astrocytoma and control brain tissue were used in this study. For microarray hybridization, a set of 46 samples comprising 13 anaplastic astrocytoma, 13 secondary glioblastoma, 13 primary glioblastoma and 7 normal brain controls were used. For RT-PCR validation of selected miRNAs, we used an independent set of 51 glioblastoma, 21 anaplastic astrocytoma and 7 normal brain controls.
RNA Isolation and miRNA Expression Profiling
Total RNA isolation from the frozen tissue or cell lines and quantitation were performed as described before. 12 Total RNA (1 mg) from sample and reference was labeled with Hy3t and Hy5t fluorescent label, respectively, using the miRCURYt LNA Array power labeling kit (Exiqon, Denmark). The common reference RNA was prepared by mixing equal quantity of RNA from all the samples including normal and tumor. The Hy3-labeled samples and an Hy5-labeled reference RNA sample were mixed pairwise and hybridized to the miRCURY LNA array version 10.0 (Exiqon), which contains capture probes targeting all miRNAs for all species registered in the miRBASE version 10.0 at the Sanger Institute. The hybridization was performed using a Tecan HS4800 hybridization station (Tecan, Austria). The miRCURY LNA array microarray slides were scanned using the G2565BA Microarray Scanner System (Agilent, USA) and image analysis was performed using the ImaGene 7.0 software (BioDiscovery, USA). The quantified signals were background-corrected (Normexp with offset value 10) 13 and normalized using the global Lowess (LOcally WEighted Scatterplot Smoothing) regression algorithm.
Data analysis
The median ratio of Hy3/Hy5 intensity for replicative spots for each miRNA was obtained after normalization. The values for Hy3/Hy5 ratio were log2-transformed. The difference in log2 ratio for each miRNA (subtracting the log2 ratio of a given sample from the average log2 ratio of normal samples) was considered in subsequent analyses. miRNAs having values in at least 70% of the samples in each group were considered for further analysis. Data were analyzed by Significance Analysis of Microarrays (SAM) to identify differentially regulated miRNAs between any two groups. In SAM, P-values were obtained from permutation tests (1000 permutations in each analysis). The significant genes that were identified by significance analysis of microarrays were subjected to Hierarchical Clustering Analysis (HCA) to identify the pattern of expression across different groups. TMeV software version 4.0 was used to perform SAM and HCA.
Class prediction analysis was performed by Prediction Analysis of Microarray (PAM) using the PAM package in the R software (version 2.7.1). The probability was calculated in the test data set by 10-fold cross-validation. 14 Principal Component Analysis (PCA) was performed using R package (version 2.7.1).
TaqMan Quantitative Real-Time PCR of the miRNAs
We used TaqMan real-time PCR method (Applied Biosystems) to measure the level of mature miRNAs. miRNA-specific cDNA was made using a specific stem-loop primer and a diluted reverse transcription product from 10 ng total RNA was used for each real-time PCR reaction. Real-time PCR was performed using the ABI 7900HT real-time PCR system. The PCR conditions were as follows: 951C for 10 min, and then 15 s at 951C and 1 min at 601C for 40 cycles. U6 RNA was used as endogenous control. Delta C t values were used for the analysis. Statistical significance was tested by Mann-Whitney test using the GraphPad PRISM software.
Histopathology and IHC
Histological sections of normal brain and tumor tissues were examined by light microscopy using hematoxylin and eosin preparation. Tumor sections of diffusely infiltrating astrocytomas were graded using the WHO grading scheme. Paraffin sections (4 mm) from tumor tissue and control samples were collected on silane-coated slides for IHC. The antibodies used mainly for the purpose of subclassifying GBM cases were p53 (monoclonal: DO-7; Biogenix, diluted to 1:200) and EGFR (monoclonal: E-30; Biogenix, diluted to 1:50). For p53, antigen retrieval was performed by heat treatment of the deparaffinized sections in a microwave oven for 25 to 35 min at 700 W in citrate buffer (10 mmol/l, pH 6.0). For EGFR staining, the sections were pretreated with Tris-EDTA (pH 9.0) at 600 W for 30 min. All sections were further treated with methanol and 5% hydrogen peroxide to block endogenous peroxidase followed by washes with PBS buffer (pH 7.6). Skimmed milk powder (5%) was used to block background staining for 45 min. The sections were incubated with the primary antibody overnight at 41C. This was followed by incubation with the supersensitive non-biotin horseradish peroxidase detection system (QD440-XAK; Biogenex). 3,3-Diaminobenzidine (Sigma) was used as a chromogenic substrate. Brain tumor samples previously characterized for overexpression of p53 and EGFR were used as positive controls. p53 and EGFR immunoreactivity was seen as nuclear and membrane cytoplasmic labeling, respectively. Glioblastomas were classified as primary and secondary, taking into consideration mainly the clinical profile of patients. EGFR and p53 expression status was used as an adjunct to segregate these groups. The mean age of patients with primary glioblastoma was 52 years and the mean duration of symptoms was 1 month. Uniform staining for EGFR was evident in 12/13 cases and six showed additional p53 expression. Among secondary glioblastomas, the mean age of the patients was 41 years and the mean duration of symptoms was 10 months. p53 immunoreactivity was uniformly evident in 12/13 cases and none showed EGFR overexpression.
Transfection of Cells with Anti-miR Inhibitors or Pre-miR Mimicks
The U138 cell line was used for the downregulation of miR-21 and miR-23a, and overexpression of miR-218 and miR-219-5p. For downregulation of overexpressed miRNAs, the Anti-miR-inhibitors and Cy-3-labeled Anti-miR-negative control were obtained from Ambion. For overexpression, the precursors of the corresponding miRNAs and Cy-3-labeled Pre-miR control were obtained from Ambion. Transfection was performed by adding the inhibitors/ precursors at a concentration of 30 nM using the siPORT NeoFX transfection agent (Ambion) following the manufacturer's instructions. After transfection, RNA was isolated at the indicated time points and the overexpression/downregulation of miRNA was confirmed by assaying for the level of mature miRNA by TaqMan quantitative real-time PCR.
Proliferation and Chemosensitivity Assays
U138 cells were transfected in 24-well plates with miRNA-specific Pre-miR, Anti-miR and control precursor/inhibitors as described before. At different time intervals, the cells were trypsinized, suspended in PBS and viable cells were counted. For chemosensitivity assay, U138 cells were transfected with miRNAspecific Pre-miR, Anti-miR and control precursor/ inhibitors as described before. The chemotherapeutic drugs were added at the indicated concentrations 36 h after transfection. The proportion of viable cells was measured by MTT assay. 15 
Anchorage-Independent Colony Formation Assay in Soft Agar
U138 cells were transfected with miRNA-specific Pre-miR, Anti-miR and control precursor/inhibitors as described before. After 36 h of transfection, the cells were harvested and plated for soft agar assay. Base agar was prepared by using 800 ml of 0.6% agar in complete medium in a six-well plate. After the base agar was set, agar solution was mixed with 5 Â 10 3 U138 cells (final concentration 0.34%) and overlaid on the solidified base agar. The plates were incubated at 371C for up to 2 weeks. Duplicate wells were prepared for each transfection. Colonies were counted and photographed.
Results
Differential Expression of miRNAs between Malignant Astrocytomas and Normal Brains
We performed a genome-wide miRNA expression profiling of 756 human miRNAs on 39 glioma samples (26 glioblastomas consisting of 13 primary glioblastomas and 13 secondary glioblastomas; 13 anaplastic astrocytomas) and 7 normal brain samples (see Supplementary Table S1 ). The data obtained from image analysis was filtered, normalized and log2-transformed before using for further analysis. To identify the significantly differentially regulated miRNAs between normal and astrocytoma samples, we analyzed a total of 287 miRNAs through SAM using the two-class option. 16 At a false discovery rate (FDR) of 0.0%, we found 55 miRNAs to be upregulated and 29 miRNAs downregulated in malignant astrocytomas in comparison with normal brain samples. For visual appreciation of miRNA regulation, the data obtained from SAM was subjected to a supervised, one-way, average-linkage HCA with Euclidean distance as similarity metric, using the TMev software (Supplementary Figure S1 and Supplementary Table S2) . We further performed PCA using a subset of SAM-identified significant miRNAs. Malignant astrocytoma samples (blue, purple and orange triangles) and normal brain (green triangle) samples separated clearly into two major clusters ( Figure 1a ). Furthermore, within malignant astrocytoma, glioblastomas (blue and purple triangles) and anaplastic astrocytomas (orange triangles) formed two sub-clusters (upper vs lower section, respectively). It is interesting to note that few of the tumor samples appeared to group with the grade different from that identified by histopathology. We have investigated the reasons for the discordance and the details are provided later. Interestingly, glioblastoma samples appeared to form one single cluster even though this group included 13 each of secondary glioblastoma (blue triangles) and primary glioblastoma (purple triangles).
Differentially Regulated miRNAs between Malignant Astrocytoma Grades
Next we focused on miRNA signature, which can differentiate one grade of astrocytoma from the other. On comparison of anaplastic astrocytoma and glioblastoma, SAM identified (FDR of 0.0%) a total of 67 miRNAs to be differentially regulated between these two groups ( Figure 1b and Supplementary Table S3 ). Among these 67 differentially regulated miRNAs, there were four sub-clusters having an interesting pattern of expression. Cluster-A and B essentially consisted of miRNAs, which were upregulated and downregulated in both anaplastic astrocytoma and glioblastoma, with upregulation and downregulation reaching substantially high levels in glioblastoma in comparison with anaplastic astrocytoma. Cluster-C and D were more interesting because the expression levels of these miRNAs in anaplastic astrocytoma were either less than normal (cluster-C) or similar to normal (cluster-D) whereas they are highly upregulated in glioblastoma samples. To find unique differences between secondary glioblastoma and primary glioblastoma in miRNA expression signature, we performed the following comparisons. On comparison of secondary glioblastoma and primary glioblastoma independently with anaplastic astrocytoma (n ¼ 39; 13 secondary glioblastoma, 13 primary glioblastoma and 13 anaplastic astrocytoma), there were 68 and 76 miRNAs differentially regulated in secondary glioblastoma and primary glioblastoma, respectively, as compared with anaplastic astrocytoma at an FDR of 0.00% (Supplementary Figure S2A and B, and Supplementary Tables S4 and S5 ). Interestingly, among these differentially regulated miRNAs, 50 miRNAs were common to secondary glioblastoma and primary glioblastoma whereas there were 18 and 26 miRNAs unique to secondary glioblastoma and primary glioblastoma, respectively, as compared with anaplastic astrocytoma. When progressive astrocytoma samples (n ¼ 26; 13 anaplastic astrocytoma and 13 secondary glioblastoma) were compared against primary glioblastoma (de novo glioblastoma; n ¼ 13 primary glioblastoma), we found 21 miRNAs to be differentially regulated ( Figure 1c and Supplementary Table S6 ). On comparison of secondary glioblastoma (n ¼ 13) with primary glioblastoma (n ¼ 13), we found 7 miRNAs to be differentially regulated significantly at an FDR of 0.0% (Figure 1d and Supplementary Table S7) .
A 23-miRNA Expression Signature Differentiates Glioblastoma from Anaplastic Astrocytoma Accurately
To determine the minimal number of miRNAs that can be used to identify and discriminate glioblastoma and anaplastic astrocytoma cases, we used PAM. 14 A 23-miRNA expression signature, identified by PAM, was found to be most discriminatory between glioblastoma and anaplastic astrocytoma ( Figure 2a and Table 1 ). Upon PCA of the 23-miRNA expression signature, most samples that belong to anaplastic astrocytoma (orange triangles) and glioblastoma (blue and purple triangles) formed two distinct groups (Figure 2b ). However, there were few samples that were discordant from the original histopathological grading (Figure 2b , see the area under the intersection of the two circles). Prediction accuracy estimation by 10-fold cross-validation using PAM (Figure 3) showed that among 13 anaplastic astrocytoma samples, 11 samples were predicted as anaplastic astrocytoma (cross-validated probability more than 0.5), whereas two samples (CN50 and CN51) were predicted as glioblastoma with an error rate of 0.15. Similarly, among 26 glioblastoma samples used, PAM predicted 24 samples correctly as glioblastoma whereas two samples (CN31 and CN36) as anaplastic astrocytoma with an error rate of 0.078. Thus the 23-miRNA expression signature can discriminate glioblastomas from anaplastic astrocytomas with an overall diagnostic accuracy of 89.7% ( Figure 3 and Table 2 ). The sensitivity for anaplastic astrocytoma was 84.6%, whereas for glioblastoma, it was 92.3%; the specificity for anaplastic astrocytoma was 92.3%, whereas for glioblastoma, it was 84.6% ( Table 2) .
The four samples, which were classified to different grades by PAM, belonged to the progressive pathway (CN50 and CN51 ¼ anaplastic astrocytoma; CN31 and CN36 ¼ secondary glioblastoma). In view of inherent sampling problems (mainly due to tumor location in the brain) and inadequate sample size available for histological evaluation, there exists a very high possibility of error in grading. Hence, we re-examined the histology of these four discordant cases after processing any additional material that we had in the laboratory. Interestingly, we found that among two secondary glioblastoma samples, one (CN31) showed focal areas of oligodendroglial component and hence this tumor was reclassified as a mixed anaplastic oligoastrocytoma (WHO grade III). Similarly, among two anaplastic astrocytoma samples, histology review in one sample (CN50) after processing additional tumor bits showed the presence of focal areas of necrosis and hence was reclassified as secondary glioblastoma. Thus out of four samples in question as per miRNA expression signature, two samples were actually misclassified originally thereby increasing the overall diagnostic accuracy to 94.8% ( Table 2 ). The sensitivity for anaplastic astrocytoma was 92.3%, whereas for glioblastoma, it was 96.2%; the specificity for anaplastic astrocytoma was 96.2%, whereas for glioblastoma, it was 92.3% (Table 2 ). It would be interesting to monitor the treatment response and survival of the two patients who remain discordant (CN51 and CN31), which might throw light on the advantage of molecular classification. However, it is worth mentioning that the 23-miRNA expression signature identified all primary glioblastoma samples correctly thus with an accuracy of 100% for primary glioblastoma diagnosis.
Real-Time RT-PCR Validation of Deregulated miRNAs in Selected Malignant Astrocytoma
We performed real-time RT-PCR analysis to validate the differential expression pattern of nine selected miRNAs. These miRNAs were selected on the basis of our microarray data as well as published results. Upon validation of two glioblastoma downregulated miRNAs (miR-219-5p and miR-218), we found that miR-219-5p was specifically downregulated in glioblastoma as compared with anaplastic astrocytomas and normal samples with a P-value of 0.0006 ( Figure 4b and Table 3 ), whereas miR-218 was found to be downregulated in glioblastomas and anaplastic astrocytomas as compared with normal samples with a P-value of 0.009 (Figure 4a and Table 3) . Among upregulated miRNAs, we found that miR-21 was upregulated significantly in malignant astrocytomas, particularly in glioblastomas with a P-value of o0.0001 (Figure 4d and Table 3 ). Three miRNAs (miR-23a, miR-16 and miR-155) were found to be upregulated significantly in particular in glioblastomas with a P-value of 0.0023, 0.0075 and o0.0001, respectively (Figure 4e , f and c, respectively, and Table 3 ). Three more miRNAs validated in this study are miR-25, miR-93 and miR106b, which are located in the intron (between exon-13 and 14) of the MCM7 gene located in a frequently amplified region (7q21.3-7q22.1) in GBMs (TCGA, 2008). Our validation showed that only miR-25 and miR-93, but not miR-106b, were found upregulated significantly in malignant astrocytomas, particularly glioblastoma with a P-value of 0.0047, 0.0385 and Table 1 . A scatter plot is generated using the first three principal components for each sample (13 anaplastic astrocytoma and 26 glioblastoma tumor samples). The color of the samples is as indicated. Table 3 ). However, it is worth mentioning that whereas miR106b lacked significance overall, individual comparison showed that it is indeed upregulated in glioblastomas (P ¼ 0.0281) and in anaplastic astrocytomas (P ¼ 0.0438) as compared with normal samples (Table 3 ).
0.0948, respectively (Figure 4g-i and
We also measured the level of these miRNAs in eight different glioma-derived cell lines. We found that miR-218, miR-219-5p, miR-21, miR-23a and miR-155 showed similar expression pattern in more than 75% cell lines tested (Supplementary Figure  S3A, B and D) . Three miRNAs, miR-25, miR-93 and miR-106b, showed no unique pattern of regulation in the cell lines tested (Supplementary Figure S3C) . However, their expression pattern among all cell lines was found to be similar perhaps indicating a coordinated expression from the same transcript. 17 Interestingly, miR-16 was found to be downregulated in all glioma cell lines tested unlike its expression in tumor samples (Supplementary Figure  S3E) .
Modulation of Deregulated miRNAs in Malignant Astrocytoma Affects Transformed Phenotype
To study the biological significance of differentially regulated miRNAs in glioma development, we selected four miRNAs (two upregulated and two downregulated) on the basis of the validation studies described above and potential targets as identified by bioinformatics analysis (data not shown). For the two upregulated miRNAs, miR-21 and miR-23a, we used a loss-of-function approach in glioma cell lines and monitored the effect on cell proliferation, chemosensitivity and soft agar colony formation. Transfection of U138 glioma cells with anti-miR inhibitors specific to miR-21 and miR-23a resulted in substantial reduction in their levels up to 72 h after transfection in comparison with Cy3 dye-labeled anti-miR-negative control, which is a non-targeting random nucleotide sequence (Figure 5a and b) . Whereas downregulation of miR-21 and miR-23a did not have any significant effect on the proliferative capacity of U138 cells (data not shown), it resulted in significant reduction in soft agar colony formation capacity (Figure 5c ). Furthermore, downregulation of miR-21 rendered cells significantly sensitive to the chemotherapeutic drug etoposide (Figure 5d and e).
For two downregulated miRNAs, miR-218 and miR-219-5p, we overexpressed by transfecting the Pre-miR precursor molecules into glioma cells and monitored the effect on cell proliferation, chemosensitivity and soft agar colony formation. Transfection of U138 glioma cells with Pre-miR precursors specific to miR-218 and miR-219-5p resulted in very high elevated levels of mature species of respective miRNAs up to 72 h after transfection in comparison with the Cy3 dye-labeled Pre-miR-negative precursor, which is a non-targeting random sequence molecule (Figure 5f and g). While over expression of miR-218 resulted in substantial reduction in cell proliferation, miR-219-5p inhibited proliferation marginally (Figure 5h ). However, upon overexpression, both miRNAs inhibited soft agar colony formation significantly (Figure 5i ). Thus these results put together suggest that these two sets of miRNAs (miR-21 and miR-23a; miR-218 and miR-219-5p) may have opposing roles in regulating tumorigenesis.
Discussion
Treatment options for patients with malignant glioma often depend on the histological grade of the tumor. The standard therapeutic protocol for Grade IV   CN42  CN43  CN44  CN47  CN48  CN49  CN50  CN51  CN52  CN55  CN56  CN57  CN62  CN1  CN2  CN3  CN4  CN5  CN6  CN7  CN9  CN11  CN12  CN13  CN29  CN39  CN17  CN18  CN22  CN23  CN25  CN26  CN31  CN32  CN33  CN34  CN35  CN36 grade IV glioblastoma patients includes surgery followed by radiotherapy with concomitant, and further, cyclical chemotherapy (temozolamide). 6 Some studies showed a small, but significant improvement in survival of grade III patients with the use of chemotherapy in addition to irradiation. 18, 19 However, chemotherapy failed to consistently improve the outcome of patients with anaplastic astrocytoma. 7 Furthermore, the length of survival is distinctly different between anaplastic astrocytoma and glioblastoma patients. 8 As the currently used histology-based grading is subjective, there is a need for more accurate methods of classification. Adding more complexity, glioblastomas are further divided into primary glioblastoma or secondary glioblastoma on the basis of their clinical presentations. However, they have an equally poor prognosis when adjusted for patient age. The difference in viability between control and anti-miR-21-treated samples at 4 and 6 mg/ml was found to be significant as analyzed by Student's t-test (P-value ¼ 0.006 and 0.05, respectively). (f, g) U138 cells were transfected with either Cy3 dye-labeled Pre-miR-negative control or Pre-miR precursors specific to miR-218 and miR-219-5p. At the indicated time points after transfection, the levels of mature miR-218 (f) and miR-219 (g) were measured as a log2 ratio and plotted. Fold change in miRNA expression in specific Pre-miR-transfected cells is calculated over its expression in control Pre-miR-transfected cells. (h) U138 cells were transfected with either Cy3 dye-labeled Pre-miR-negative control or Pre-miR precursors specific to miR-218 and miR-219-5p in 24 multiwell plates. At the indicated time points, the cells were harvested and viable cells were counted and plotted. (i) U138 cells were transfected with either Cy3 dye-labeled Pre-miR-negative control or Pre-miR precursors specific to miR-218 and miR-219-5p. The cells were harvested after 36 h of transfection and 5 Â 10 3 cells, in duplicates, were plated for soft colony formation as described under Materials and methods. The number of colonies were counted after 2 weeks and plotted with the total number of colonies in the control sample as 100%.
Several groups have used global transcript profiling to obtain gene expression signatures that reflected the biology of different classes of astrocytoma and also provided markers for use in diagnosis and clinical management. 11, 20, 21 Copy number variation studies using genome-wide array-CGH profiles have identified many regions of amplification and deletions harboring many genes found to be important in glioma development. [22] [23] [24] However, these findings and related signatures are yet to be translated to utility in clinical settings suggesting that these studies require further characterization and validation.
There have been many studies reporting the role of specific miRNAs in glioma development. 25 Among them, specific studies describe the target identification and functional characterization of the following miRNAs: miR-34a, miR-128, miR-7, miR-21 and miR-26a. [26] [27] [28] [29] [30] [31] [32] [33] There are also studies of expression profiling analyzing the expression of large number of miRNAs in malignant glioma. 25, 27, [34] [35] [36] However these studies profiled fewer number of miRNA and used few number of glioma samples.
In this study, we have profiled the expression of 756 miRNAs using a sample set of 39 malignant astrocytoma samples. Analysis of microarray data identified a total of 84 miRNAs that are differentially regulated in malignant astrocytoma in comparison with normal brain thus bringing the total proportion of deregulated miRNAs to 11.11%. Using a subset of SAM-identified significant miRNAs, PCA was able to group normal, grade III and grade IV into three distinct clusters indicating the power and utility of miRNA gene expression signature for tumor classification and grading.
We also used SAM to identify miRNA signatures that can differentiate secondary glioblastoma and primary glioblastoma from anaplastic astrocytoma, secondary glioblastoma from primary glioblastoma as well as progressive astrocytoma from de novo glioblastoma. Of these, particularly interesting was the comparison between secondary glioblastoma and primary glioblastoma with anaplastic astrocytoma, which yielded miRNAs, which are common (n ¼ 50) as well as unique to secondary glioblastoma (n ¼ 18) and primary glioblastoma (n ¼ 26). These two classes of miRNAs may reflect a large similarity between secondary glioblastoma and primary glioblastoma, and their uniqueness as they arise through different pathways. Additionally, comparison of progressive astrocytoma samples (anaplastic astrocytoma and secondary glioblastoma) with primary glioblastoma yielded 21 differentially regulated miRNAs. Surprisingly, a direct comparison of secondary glioblastoma with primary glioblastoma yielded only seven differentially regulated miRNA perhaps suggesting an overall similarity between secondary glioblastoma and primary glioblastoma. However, the miRNA signatures identified in this study as unique to a specific grade or pathway may characterize specific biological pathways responsible for the development of a progressive vs de novo pathway of astrocytoma.
Furthermore, we identified a 23-miRNA expression signature using PAM, which could discriminate glioblastoma from anaplastic astrocytoma with an overall accuracy of 94.8%. Interestingly, the misclassified samples belonged to the progressive astrocytoma group. The progression may often make it difficult to grade precisely these samples because of the presence of grade-specific histological features in different areas of tumor tissue. In contrast to this, all the primary glioblastoma cases were accurately identified. It is interesting to note that out of 23 miRNAs identified by PAM, 21 were upregulated in glioblastoma in comparison with anaplastic astrocytoma whereas two were downregulated in glioblastoma in comparison with anaplastic astrocytoma.
Furthermore, we have confirmed the grade-specific regulation of nine selected miRNAs by RT-qPCR on an independent set of malignant astrocytoma samples. Corroboratively, eight of these miRNAs (except miR-16) showed similar expression pattern in the majority of the glioma-derived cell lines. For miR-21 and miR-23a, while the specific anti-miRmediated downregulation in glioma cells did not show any change in cell proliferative capacity, it resulted in significant reduction in their ability to form colonies in soft agar, suggesting that these miRNAs might have an important role in astrocyte transformation. Furthermore, downregulation of miR-21 increased the chemosensitivity of glioma cells to etoposide. These results suggest that miR-21 and miR-23a may target some proapoptotic or growth-inhibitory genes thus contributing to tumorigenesis. Indeed, miR-21 has been shown to target the components of the p53 and TGF-b pathway, mitochondrial apoptosis-related genes as well as RECK and TIMP3 (tissue inhibitors of matrix metalloproteinases) thereby contributing to tumorigenicity and invasion. 30, 32 For miR-218 and miR-219-5p, exogenous overexpression by transfection of the specific Pre-miRs reduced the cell proliferation, with miR-218 being highly growth-inhibitory. Furthermore, we found both that miRNAs inhibited soft agar colony formation. It has been shown that overexpression of zebrafish miR-219 leads to induction of apoptosis during zebrafish development. 37 On target prediction analysis, we found that miR-219-5p may target EGFR1, a gene very frequently amplified in primary glioblastoma (data not shown). miR-218 has been found to be downregulated in cervical cancer in an E6/E7-dependent manner and consequent upregulation of the miR-218 target LAMB3 contributing to tumorigenicity. 38 These results together suggest that miR-218 and miR-219-5p may target some oncogenic or antiapoptotic molecules and may have an important role in astrocytoma development.
Our study with a list of deregulated miRNAs in malignant astrocytoma would also form a basis for further investigation of the identification of their targets, thus leading to a better understanding of glioma development and progression. Furthermore, precise identification of grade IV is essential for choosing the correct treatment option and clinical management. Although histology is still the gold standard for grading astrocytomas, there exists the possibility of inaccurate grading, which necessitates a more robust molecular classifier. Our finding that the 23-miRNA expression signature could accurately (94.8%) discriminate glioblastoma from anaplastic astrocytoma tumors raises the possibility of using such discriminatory miRNAs to develop a rapid and accurate molecular diagnostic test of glioblastoma vs anaplastic astrocytoma in the future. Indeed, compared with the mRNA profiling that has been proposed for diagnosis of various cancers, miRNA profiling appears to have several advantages. 39, 40 Nonetheless, further validation of these discriminatory miRNAs in a large number of patients and in independent studies is necessary before clinical application becomes realistic.
